Papillon-Lef evre syndrome (PLS; OMIM 245000) is an autosomal recessive condition characterized by palmoplantar hyperkeratosis and periodontitis. In 1997, the gene locus for PLS was mapped to 11q14-21, and in 1999, variants in the cathepsin C gene (CTSC) were identified as causing PLS. To date, a total of 75 different disease-causing mutations have been published for the CTSC gene. A summary of recurrent mutations identified in Hungarian patients and a review of published mutations is presented in this update. Comparison of clinical features in affected families with the same mutation strongly confirm that identical mutations of the CTSC gene can give rise to multiple different phenotypes, making genotype-phenotype correlations difficult. Variable expression of the phenotype associated with the same CTSC mutation may reflect the influence of other genetic and/or environmental factors. Most mutations are missense (53%), nonsense (23%), or frameshift (17%); however, in-frame deletions, one splicing variant, and one 5′ untranslated region (UTR) mutation have also been reported. The majority of the mutations are located in exons 5-7, which encodes the heavy chain of the cathepsin C protein, suggesting that tetramerization is important for cathepsin C enzymatic activity. All the data reviewed here have been submitted to the CTSC base, a mutation registry for PLS at
. Skin symptoms include transgrediens spread with hyperkeratosis of palms and soles. Diffuse hyperkeratosis is the most commonly observed type; however, the punctuate type occurs rarely. Generally, hyperkeratosis in PLS is not severe (Toomes et al. 1999) . Psoriasiform lesions may also develop on the elbows, knees, and knuckles (Toomes et al. 1999) . As PLS skin lesions are similar to Mal de Meleda (OMIM 248300) lesions, another rare form of palmoplantar keratodermas, PLS was first considered as a variant of Mal de Meleda. Subsequently, it was determined that the two diseases are different forms of palmoplantar keratodermas (Gorlin et al. 1964) .
Periodontitis and gingivitis result in the loss of primary and permanent teeth (Gorlin et al. 1964; Toomes et al. 1999; Hart et al. 2000c; Hewitt et al. 2004a,b) . As symptoms appear as the teeth erupt, PLS patients typically report two episodes of gingivitis: the first one at~3 years of age, leading to the loss of primary teeth (Lundgren and Renvert 2004) , the second one at~15 years of age, resulting in the loss of permanent teeth (Fardal et al. 1998) .
In addition to these symptoms, recurrent skin infections and liver abscesses are frequently reported (de Haar et al. 2004; Pham et al. 2004a,b; Romero-Quintana et al. 2013) . Moreover, mild mental retardation, intracranial calcifications, and hyperhidrosis can also occur (Haneke 1979) . Japanese patients might have an increased risk of developing melanomas at the sites of hyperkeratosis (Nakajima et al. 2008 ) than other ethnic groups. The prevalence of the disease is 1-4 cases per million and more than 300 cases have been reported worldwide (Gorlin et al. 1964; Haneke 1979) . PLS has been reported to occur in a diverse range of ethnic groups and parental consanguinity has been noted in more than 50% of the cases (Gorlin et al. 1964) .
PLS is transmitted as an autosomal recessive condition affecting males and females equally. PLS was independently mapped to chromosome 11q14-21 by three groups (Fischer et al. 1997; Laass et al. 1997; Hart et al. 1998 ). In the mapped region, the causative cathepsin C gene (CTSC) was independently identified by two groups (Hart et al. 1999; Toomes et al. 1999) . The CTSC, GenBank accession number NM_001814.4 spans over 46 kb and contains seven exons and six introns (Toomes et al. 1999) . According to the Ensemble genome browser (http://www.ensembl.org), this gene has nine splice variants. Of these, five occur in protein coding regions; the remaining four are noncoding transcripts.
CTSC encodes the cathepsin C protein (dipeptidyl-peptidase I), a lysosomal exo-cysteine proteinase belonging to the peptidase C1 family. Cathepsin C is an oligomeric enzyme composed of four identical subunits Paris et al. 1995) . Each subunit contains three different polypeptides -heavy, light, and propeptide chains -which are held together by noncovalent interactions (Cigi c et al. 1998 ). The C-terminus of the propeptide is cleaved upon activation. The residual propeptide is cleaved into two peptides, which are held together by a disulfide bond (Cigi c et al. 1998) .
Cathepsin C has the ability to remove dipeptides from the amino terminus of proteins and is involved in the zymogen activation of serine proteases. This activity was proposed to play a role in epithelial differentiation and desquamation (Toomes et al. 1999) .
In 1999, the first eight mutations of the CTSC gene were identified in consanguineous PLS families (Toomes et al. 1999) . Since 1999, several reports have described mutations in the CTSC gene in different PLS cases from around the world (Table 1) . CTSC mutations have also been reported in patients with Haim-Munk syndrome (HMS, OMIM 245010), also characterized by palmoplantar hyperkeratosis and periodontal inflammation, as well as arachnodactly, acroosteolysis, pesplanus, and onychogryposis (Hart et al. 2000b) . CTSC mutations were also found in aggressive periodontitis (AP1, OMIM 170650), which is characterized by severe periodontal inflammation leading to tooth loss without the presence of skin symptoms (Hart et al. 2000c; Hewitt et al. 2004a,b) .
To date, a total of 75 mutations have been reported for the CTSC gene. The majority of the mutations (97%) were reported in PLS cases, while only a few mutations (3%) were reported in HMS or AP1 cases. Note that some mutations were detected in two different disease entities: c.1040A>G p.Tyr347Cys was reported for AP1 and also for classic PLS families (Toomes et al. 1999; Hart et al. 2000c; Hewitt et al. 2004a,b) , c.145C>T p.Gln49X was reported for HMS and for PLS pedigrees (Selvaraju et al. 2003; Rai et al. 2010 ) and c.857A>G p.Gln286Arg was present in patients either with the HMS or with the PLS phenotype (Hart et al. 2000b) . Therefore, PLS, HMS, and AP1 are not different entities; they represent the phenotypic spectrum of a single disease.
Database
A PubMed (http://www.ncbi.nlm.nih.gov/pubmed) literature search was performed to identify all known CTSC mutations. In addition, Hungarian pedigrees with PLS were screened for CTSC mutations and added to this article. All available information about mutation carriers have been uploaded to the CTSCbase, a mutation registry for PLS (Piiril€ a et al. 2006 ). This database is included in the Human Genome Variation Society (HGVS) (www.HGVS. org) list of locus-specific databases. The database can be visited at http://bioinf.uta.fi/CTSCbase/ and has been updated with data from the literature as well as unpublished variants identified in Hungarian PLS pedigrees. 
Summary of Clinical Findings for Hungarian PLS Patients With Recurrent Mutations
In Hungary, mutation screening for the CTSC gene has been available since 2011. Screening is performed with direct sequencing of all coding regions and flanking introns of the CTSC gene. Once a putative causative variant was identified in a patient, the available, clinically symptom-free family members and unrelated, healthy control individuals were also investigated.
We have recently identified a Hungarian family with two sisters affected with mild palmoplantar hyperkeratosis and severe periodontitis leading to the loss of all primary teeth. These patients carried the recurrent c.566delCATACAT p.Thr189fsX199 frameshift mutation in a homozygous form (Farkas et al. 2013 ). An unaffected sister and the parents carried the same mutation in a heterozygous form. The family was not aware of consanguinity. This frameshift mutation has also been previously published for two Moroccan PLS patients presenting variation in the severity of the skin symptoms (Noack et al. 2008a,b) .
In another Hungarian family with two sisters presenting severe tooth loss and different degrees of palmoplantar hyperkeratosis (severe and mild), the sisters were found to carry the c.901G>Ap.Gly301Ser missense mutation in a homozygous form (data not published). The family was not aware of consanguinity. This mutation has also been previously published for a German patient with typical PLS skin symptoms (Noack et al. 2008a,b) .
In a pair of unrelated Hungarian patients with typical PLS phenotype (a 25-year-old male patient and a 39-year-old female patient), we have identified the c.748C>Tp.Arg250X homozygous nonsense mutation (data not published). Unfortunately, both of these patients were reared in state care and have no known relatives; therefore, investigation of the family was not possible. The fact that both individuals carry the same mutation raises the possibility that these patients are relatives. This mutation has also been previously published in the literature in a Turkish PLS family (Hart et al. 2000a ).
Variants in the CTSC Gene
To date, a total of 75 mutations have been identified for the CTSC gene, all of which are registered in the CTSCbase. Mutations are named according to HGVS nomenclature guidelines (www.HGVS.org) and numbered with respect to the CTSC gene reference sequence (ENSG00000109861 corresponding to the CTSC gene transcript ENST00000227266). The 75 unique mutations -point mutations, small deletions, and insertions -are summarized in Figure 1 .
Of the reported 75 mutations, 53% are missense (n = 40), 23% are nonsense (n = 17) and 17% are frameshift (n = 13) variants. There are two in-frame deletions, one intronic splice-site variant and one point mutation in the 5′ untranslated region (UTR) of the CTSC gene. The majority (75%, n = 56) of the mutations has only been reported once. Among these, 65% (n = 36) were present in homozygous form in the investigated patients, while 35% (n = 20) occurred in a compound heterozygous form. Recurrent mutations (25% of all mutations, n = 19) occurred both in homozygous and in compound heterozygous forms and were detected in geographically distant, unrelated families, suggesting mutational clustering on the CTSC gene. However, there are reports suggesting that an initial founder effect and subsequent migration of carriers can lead to the presence of the same mutation in geographically distant and unrelated families (Zhang et al. 2001; Kurban et al. 2009 ).
Known mutations that have been sequenced are unequally distributed on the CTSC gene. Half of the mutations (53%, n = 41) are located within exons 5-7, encoding amino acids 231-394 in the heavy-chain region.
Of the remaining half, 16% (n = 12) are located within exons 1-3 encoding amino acids 25-134 in the exclusion domain, 12% (n = 9) are located within the second half of exon 7 encoding amino acids 395-463 in the lightchain region, 13% (n = 10) are located within exon 4 and the first half of exon 5 encoding amino acids 135-230 in the propeptide region, 3% (n = 2) are located in the 5′ end of exon 1 encoding amino acids 1-24 in the signal peptide region and 3% (n = 2) are located within UTRs. Note, not all mutations have been identified by DNA sequencing.
Homozygous Mutations
To date, 68% of all identified CTSC mutations (n = 75) were reported in a homozygous form in PLS patients. Of these mutations, 85% (n = 64) were present only in homozygous form in PLS patients, while 15% (n = 11) were also detected in a compound heterozygous state. Among the homozygous mutations, 50% (n = 32) were missense, 25% (n = 16) nonsense, 23% (n = 15) frameshift mutations, and 2% (n = 1) were other types of mutations ( Fig. 2A) .
Missense Variants
Missense mutations account for approximately half (53%, n = 41) of all CTSC gene mutations identified to date.
Missense mutations occur in all coding regions of the gene; however, the majority occurs in exons 5-7, encoding the heavy-chain region of the cathepsin C protein (Fig. 3A) , which is thought to be important for enzyme activity (Turk et al. 2001 ). In addition to mutations of the CTSC gene, it is important to note that some polymorphisms are common for this gene. For example, the c.458C>T p.Thr153Ile missense variant, which corresponds to variant rs217086, occurs at a residue that is conserved in mammals and is located in the portion of the propeptide that is cleaved upon activation (Hart et al. 2000a ). The c.458C>T p.Thr153Ile polymorphism has been indentified in several PLS families, but does not have a causative role in the development of PLS (Allende et al. 2001; Nakano et al. 2001; de Haar et al. 2004; Romero-Quintana et al. 2013) .
Further missense variants of the CTSC gene reported in PLS families have also been detected as rare polymorphisms as well: c.1214A>Gp.His405Arg corresponds the rs151269219 polymorphism (de Haar et al. 2005; Noack et al. 2008a,b) , c.1235A>Gp.Tyr412Cys to the rs28937571 (Hewitt et al. 2004a,b) , and c.1357A>Gp.Ile453Val to the rs3888798 polymorphism (Nakano et al. 2001 ). All of these missense polymorphisms affect the light-chain region of the cathepsin C protein, which is important in the tetramerization of the matured cathepsin C protein. Their eventual pathogenic role should be confirmed or excluded by further studies. It is also possible that these polymorphisms share a common haplotype and are markers of other underlying, still uncharacterized, genetic abnormalities in these PLS patients.
Nonsense Variants
Nonsense mutations account for 23% (n = 17) of the pathogenic mutations identified for the CTSC gene to date. Nonsense mutations occur in all coding regions of the gene; however, the majority is located in exons 5-7, encoding the heavy-chain region of the cathepsin C protein (Fig. 3B) , which is thought to be important for enzyme activity (Turk et al. 2001 ).
Frameshift Variants
After missense and nonsense mutations, frameshift mutations of the CTSC gene are the most common, accounting for 17% (n = 13) of the mutations identified to date. Frameshift mutations occur in all coding regions of the gene; however, the majority is located in exons 4-5 encoding the propeptide region of the cathepsin C protein (Fig. 3C ). These mutations might influence the cleavage and the activation processes of the precursor cathepsin C (Turk et al. 2001 ).
Other Deletions
Two in-frame deletions have been reported in PLS patients. The c.199delTACCTTCAGAAGCTGGATACAGCA deletion corresponding to p.Tyr67_Tyr75del was detected in compound heterozygous form in combination with the c.458C>T missense variant corresponding to p.Thr153Ile (Hart et al. 2000a ). This missense mutation is a common polymorphism with no pathogenic role, as determined in subsequent studies (Allende et al. 2001; Nakano et al. 2001; de Haar et al. 2004; Romero-Quintana et al. 2013 ). The c.1213delCAT p.His405del in-frame deletion was reported in homozygous form in an Indian PLS patient (Wani et al. 2006) . A large intragenic deletion of exons 3-7 was observed for another PLS patient in compound heterozygous form, in combination with another missense mutation, c.1156G>C p.Gly386Arg (Jouary et al. 2008 ).
Splicing Variant
To date, only one pathogenic splice-site mutation has been reported for the CTSC gene (Toomes et al. 1999 ). This single-nucleotide change occurs at the splice-acceptor site (5′ end of exon 3) c.485-1G>A (c.IVS3-1G>A).
UTR Variant
Only one pathogenic mutation has been identified in an UTR of the CTSC gene: a single-nucleotide change c.-55C>A at the 5′ end (Kosem et al. 2012) . The mutation results in complete loss of CTSC mRNA expression and cathepsin C activity (Kosem et al. 2012) . In silico analysis suggested that the mutation disrupts the binding sites for AP-2 and Sp transcription factors.
Compound Heterozygous Mutations
To date, 32% (n = 23) of all identified CTSC mutations (n = 75) were detected in a compound heterozygous form. The most frequent (44%, n = 10) compound heterozygotes involved two heterozygous missense mutations. The combination of a heterozygous missense and a heterozygous nonsense mutation occurred in 22% (n = 5) of the cases, a heterozygous missense and a heterozygous frameshift mutation in 16% (n = 4), a heterozygous nonsense and a heterozygous frameshift mutation in 11% (n = 3), and two heterozygous nonsense mutations in 5% (n = 1) (Fig. 2B) .
Ethnic Variation
PLS has been reported in a diverse range of ethnic groups from all over the world. A quarter (25%, n = 19) of the mutations have been reported twice or more in different ethnic groups. One of the most frequently reported missense mutation, the c.815G>Cp.Arg272Pro variant, has been detected in Lebanese, Turkish, Saudi, Holland, Russian and French PLS patients (Toomes et al. 1999; Lef evre et al. 2001; Zhang et al. 2002; de Haar et al. 2004; Pham et al. 2004a,b; Noack et al. 2008a,b) , while another frequent nonsense mutation, c.96T>Gp.Tyr32X, has been observed in PLS patients from Mexico and France (Lef evre et al. 2001; Zhang et al. 2002; Pham et al. 2004a, b) . Moreover, a common frameshift mutation, c.566del-CATACAT p.Thr189fsX200, has been found in Hungarian and Moroccan PLS patients (Noack et al. 2008a,b; Farkas et al. 2013) . Haplotype analyses of different PLS cases carrying identical mutations revealed that these relatively frequent mutations resulted from independent founder events. Two Turkish families carrying the same homozygous nonsense mutation (c.856C>T p.Gln286X exhibited different haplotypes, suggesting that the same mutation arose in the two families independently (Hart et al. 1998 (Hart et al. , 2000a .
Biological Relevance
Cathepsin C is a lysosomal cysteine protease that was first characterized as an activator of serine proteases from immune and inflammatory cells (Turk et al. 2001) . Cell lines derived from cathepsin C-deficient mice fail to activate groups of serine proteases. Unprocessed proteases zymogens included granzymes A, B, and C, cathepsin G, neutrophil elastase, and chymase (Adkison et al. 2002) .
The encoded cathepsin C precursor contains 463 amino acids and includes a signal peptide (24 amino acids), an exclusion domain (110 amino acids), a propeptide (96 amino acids), as well as heavy-(164 amino acids) and light-(69 amino acids) chain regions (Turk et al. 2001; Hewitt et al. 2004a,b) . Precursor cathepsin C is processed into the mature form by at least four cleavages of the polypeptide (Turk et al. 2001; Adkison et al. 2002) . The signal peptide is removed during translocation or secretion of the protein (Turk et al. 2001; Adkison et al. 2002) . The exclusion domain is retained in the mature enzyme and separated from the heavy and light chains by excision of a minor C-terminal portion of the propeptide region. The heavy and light chains are also generated by cleavage (Turk et al. 2001; Adkison et al. 2002) .
According to a BLAST (http://blast.ncbi.nlm.nih.gov/) search, the cathepsin C protein is highly conserved in vertebrates: the human cathepsin C shows 82% sequence similarity with the sequence from dog, 70% with turkey, and 63% with frog and zebrafish (Fig. 4) . The most highly conserved regions are the heavy chain, the light chain, and the C-terminal portion of the exclusion domain, which is thought to be important for enzyme activity.
Half (53%, n = 40) of all CTSC gene mutations affect the heavy-chain domain and result in different positioning of its N-terminus. As the N-terminal region is involved in oligomer contacts with the N-terminal region of the light chain, the mutation may interfere with tetramer formation (Turk et al. 2001 ). This finding indicates that tetramerization of the cathepsin C enzyme is crucial for its function. The majority of the two most common types of CTSC mutations (missense and nonsense) affect this domain (Fig. 3A and B) .
Sixteen percent (n = 12) of all CTSC mutations affect the exclusion domain, which blocks access to the active site and prevents substrates from binding any part except their N-termini. Thirteen mutations were detected in the exclusion domain; of these, six are nonsense variants, four are missense mutations, and three are deletions (two resulting in frameshift and one in an in-frame deletion).
Thirteen percent (n = 10) of all CTSC gene mutations affect the propeptide fragment, which plays a pivotal role in the activation of the cathepsin C precursor. The majority of frameshift mutations are located in this domain (Fig. 3C) .
Twelve percent (n = 9) of all mutations affect the lightchain domain, which is important for tetramerization of the mature enzyme: four are missense mutations, two are nonsense variants and one is an in-frame deletion. Three common missense variants, rs151269219, rs28937571, and rs3888798 are also located in this domain (Nakano et al. 2001; Hewitt et al. 2004a,b; de Haar et al. 2005; Noack et al. 2008a,b) .
Three percent (n = 3) of all mutations are located in the signal peptide region, presumably affecting the translocation or secretion of the protein: one nonsense mutation and one frameshift variant (Lef evre et al. 2001; Hewitt et al. 2004a,b; Kurban et al. 2010 ).
Clinical and Diagnostic Relevance
Historically, PLS was initially considered a variant of Mal de Meleda, due to the similarity of the skin lesions. Subsequently, the two diseases were determined to be different forms of palmoplantar keratodermas (Gorlin et al. 1964) . In addition to palmoplantar hyperkeratosis, periodontal inflammation is a main feature of PLS. Clinical diagnosis of HMS, an allelic variant of PLS, is based on the presence of arachnodactly, acroosteolysis, pesplanus, and onychogryposis in addition to palmoplantar hyperkeratosis and periodontal inflammation (Hart et al. 2000b ). AP1, which can be also considered a variable expression of the PLS phenotype, is characterized by periodontal inflammation and the lack of other symptoms. All the three entities develop as a consequence of CTSC mutations. Identification of a CTSC mutation gives a definite diagnosis of PLS, HMS, or AP1 depending on the presented clinical symptoms. In contrast, the absence of CTSC mutation suggests a diagnosis of another palmoplantar keratoderma or nonsyndromic tooth abnormality.
Analysis of data reported for Hungarian PLS patients revealed 75 CTSC gene mutations. The most frequent mutations are recurrent and are reported both as homozygous and as compound heterozygous. The identification of the most frequent CTSC mutations has great clinical significance, as they highlight regions of the gene that are important for the development of the disease. The most frequent mutations of the CTSC gene and their most common associations are summarized in Table 2 . Approximately half 53% (n = 40) of the all 75 mutations are located within exons 5-7, encoding the heavy-chain region of the cathepsin C protein. Three types mutations accounted for 93% (n = 61) of CTSC gene mutations: missense 53% (n = 41), nonsense 23% (n = 17), and frameshift 17% (n = 13). In addition, the majority of missense, nonsense, and frameshift mutations occur in exons 5-7. 
Genotype-Phenotype Correlations
In general, no strict genotype-phenotype correlations have been identified for PLS. Analysis of CTSC mutation location (i.e., within or outside the coding regions) suggested that mutations located outside coding regions are more likely to be associated with transgression of the lesions (Hart et al. 2000a) , although this hypothesis has not been confirmed (Selvaraju et al. 2003; de Haar et al. 2004; Hewitt et al. 2004a,b) . It was also suggested that CTSC gene mutations with little functional consequences are putative causes of more common types of early-onset periodontal disease (Hart et al. 2000c) , but this observation has also not been confirmed (Hewitt et al. 2004a,b) .
Mutations in the CTSC gene can lead to the development of HMS or AP1 as well as PLS. The common characteristic of these three entities is periodontal inflammation (Hart et al. 2000b; Hewitt et al. 2004a,b; Cury et al. 2005) . While all three diseases involve tooth abnormalities, PLS and HMS also involve characteristic skin symptoms of palmoplantar hyperkeratosis (Hart et al. 2000b; Hewitt et al. 2004a,b; Cury et al. 2005) . HMS is further characterized by arachnodactly, acroosteolysis, pesplanus, and onychogryphosis (Hart et al. 2000b; Hewitt et al. 2004a,b; Cury et al. 2005) .
Several reports indicate that identical mutations of the CTSC gene can give rise to multiple different phenotypes: the c.1040A>G p.Tyr347Cys missense mutation can lead either PLS or AP1 (Toomes et al. 1999; Hart et al. 2000c; Hewitt et al. 2004a,b) and the c.145C>T p.Gln49X nonsense mutation results either in HMS or PLS (Selvaraju et al. 2003; Rai et al. 2010) . Hart et al. (2000b) reported that the c.857A>G p.Gln286Arg missense mutation can also contribute to the development of HMS and PLS (Hart et al. 2000b) (Fig. 1) . Variable expression of the phenotype associated with the CTSC mutation may reflect the influence of other genetic and/or environmental factors (Hart et al. 2000a ).
Future Prospects
To date, the comparison of CTSC gene mutations has not yet resulted in the identification of genotype-phenotype correlations. Future efforts might provide insight into these correlations and elucidate the mechanism of the different phenotypic variants -PLS, HMS, and AP1 -of the disease. We believe that, to improve molecular analysis of the CTSC gene, it is necessary to promote both better awareness of the PLS, HMS, and AP1 phenotypic variants of the same disease and better understanding of the underlying molecular mechanisms. The availability of the extended clinical findings from CTSC mutation carriers, as provided by the CTSCbase, is critical for furthering both our understanding of the disease and the development of causative therapies that will be more specific and effective than the symptomatic treatments currently available for patients with PLS, HMS, and AP1 variants.
